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ABSTRACT 


A  laboratory  investigation  has  been  made  to  study  the  mechanism  of 
waterflooding  in  the  presence  of  a  gas  phase,  and  to  evaluate  the  effect  of  initial 
gas  saturation  and  variations  in  fluid  characteristics  on  oil  recovery. 

Two  gas  saturated  oils  having  bubble  points  of  75 6  and  715  psi  were  used 
as  reservoir  fluids.  The  solution  gas -oil  ratios  of  the  two  Fluids  A  and  B  were 
297  and  2^57  cu.ft./bbl.  respectively.  The  oil  formation  volume  factors  were  1*24 
for  Fluid  A  and  1.93  for  Fluid  B.  The  oil  viscosities  were  1*595  and  3*52  cp  for 
Fluids  A  and  B  respectively.  The  experiments  were  carried  out  using  the  same  Berea 
sandstone  core  for  both  reservoir  fluids. 

Waterfloods  were  conducted  after  depleting  the  core  to  gas  saturations 
ranging  from  0  to  36  percent.  Optimum  gas  saturations  prior  to  waterflooding  for 
maximum  recoveries  were  found  to  vary  from  8  to  17  percent  for  Fluid  A  and  Fluid  B 
respectively.  The  data  appear  conclusive  that  fluid  properties  do  effect  the 
optimum  flooding  pressure  and  that  a  substantial  increase  in  recovery  is  possible 
by  flooding  at  the  optimum  pressure. 
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INTRODUCTION 

Primary  methods  of  oil  recovery  are  inefficient  where  solution  gas 
drive  or  combination  solution  gas  drive  and  water  drive  reservoirs  are  involved. 

A  large  number  of  reservoirs  exist  at  some  pressure  substantially  below  their 
original  bubble  point.  Many  reservoirs  still  contain  a  considerable  amount  of 
recoverable  oil.  Waterflooding  is  utilized  to  a  great  extent  in  the  recovery  of 
this  oil.  Therefore,  the  mechanics  of  fluid  flow  in  a  multiphase  system  is  a 
subject  which  needs  considerable  investigation. 

Past  investigations  of  factors  which  influence  oil  recovery  by  water - 
floods  have  dealt  primarily  with  such  variables  as  pressure  gradient,  velocity, 
connate  water,  viscosity  of  oil,  mobility  ratio,  permeability  variation,  capil- 
lary  forces  and  wettability  of  the  system  on  the  recovery  of  oil  by  waterflood. 

Recently  several  experimental  studies  have  been  made  on  the  effect  of 
presence  of  free  gas  on  oil  recovery  by  waterflooding.  Many  of  these  studies 
have  made  it  apparent  that  the  presence  of  free  gas  increases  the  oil  recovery. 

It  has  been  suggested  that  the  gas  will  exist  as  a  bubble  inside  the  dis¬ 
continuous  residual  oil  with  the  size  of  the  oil  bubble  substantially  unchanged 
by  the  presence  of  this  gas  bubble.  Thus  gas  bubbles  will  occupy  the  pore  space 
that  would  otherwise  be  filled  by  residual  oil.  Presence  of  gas  saturation  inside 
oil  will  reduce  the  relative  permeability  to  oil  which  will  exist  at  any  particular 
water  saturation.  Relative  permeability  will  be  reduced  by  two  factors  -  the 
addition  of  the  gas-oil  interface,  and  the  reduction  of  area  available  for  oil 
flow  in  the  pores  containing  gas.  This  reduction  in  oil  permeability  at  any 
particular  water  saturation  will  result  in  water  breakthrough  at  a  lower  water 
saturation  than  would  be  obtained  if  gas  were  not  present. 
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Various  investigators  have  shown  that  simple  replacement  of  oil  by  gas 
phase,  additional  sweeping  action  of  free  gas,  selective  plugging  action  of  gas, 
variation  of  gas  solubility,  oil  formation  volume  factor  and  water-oil  viscosity 
ratio  with  pressure  and  inclusion  of  oil  mist  in  the  free  gas  phase  are  responsible 
for  increased  oil  recovery. 

The  primary  objectives  of  this  research  project  were  to  carry  out 
experimental  waterflood  studies  in  the  presence  of  a  free  gas  phase.  An  attempt 
was  made  to  take  into  consideration  the  many  variables  existing  in  an  actual  field 
being  waterflooded.  In  this  project  the  effect  of  flooding  pressure  on  oil  re¬ 
covery  by  waterflooding  was  studied  and  the  effect  of  reservoir  fluid  properties 
along  with  the  effects  of  initial  water  saturation  and  initial  gas  saturation 
created  by  evolution  from  oil,  on  oil  recovery  were  investigated.  These  tests 
were  run  on  Berea  sandstone  core  using  two  different  oils. 
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LITERATURE  REVIEW 


In  an  attempt  to  consider  the  many  variables  existing  in  a  field  being 
waterflooded,  the  writer  was  confronted  with  the  following  problems: 

(a)  The  effect  of  water  injection  rate  on  oil  recovery. 

(b)  The  effect  of  initial  gas  saturation  on  oil  recovery. 

(c)  The  effect  of  initial  gas  saturation  on  residual  gas  saturation. 

(d)  The  effect  of  oil  and  water  viscosity  ratio  on  oil  recovery. 

Some  of  the  laboratory  research  to  date  has  involved  the  study  of 

individual  factors  i.e.  viscosity,  injection  rate,  fluid  saturations,  surface 

(12  5 

forces,  permeability,  pore  configuration  and  their  effect  on  oil  recovery v  }  }  ’ 

6  7  10  12  1*3  \ 

’  ’  ’  ’  .  Most  of  this  work  was  carried  out  in  the  absence  of  gas  saturations. 

The  effect  of  initial  water  and  gas  saturations  was  studied  in  recent  investi¬ 
gations  but  no  attempt  has  been  made  to  consider  the  effect  of  saturation  history 
on  final  results,  i.e.  whether  the  medium  was  being  progressively  desaturated  or 
re saturated. 

There  is  ample  evidence  in  the  literature  as  to  the  effect  of  water 


(1) 

injection  rate  on  oil  recovery.  Richardson  and  Perkins  conducted  an  experimental 

study  to  determine  the  effect  of  rate  of  water  advance  on  recovery  of  oil  by 

waterflooding.  They  found  that  residual  oil  saturation  after  waterflooding  clean 

homogeneous  sands  with  or  without  initial  gas  saturation  was  independent  f  the 

rate  of  water  advance.  They  also  concluded  that  recovery  was  independent  of  the 

pressure  level  at  which  the  waterflood  was  performed.  Their  work  was  conducted  on 

an  unconsolidated  sand  pack  containing  a  kerosene  natural  gas  fluid  system  and 

(2) 

interstitial  water.  Jordan,  McCordell  and  Hocott  presented  a  study  of  the  effect 
of  waterflooding  rate  on  oil  recovery.  Their  study  included  experimental  results 


Gas  Saturation  at  Start  of  V  ter  Flood,  Percent  Pore  Volume 
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Trapped  Gas  Saturation  after  Water  Flood, 
Percent  Pore  Volume 
FIGURE  I 

RELATIONSHIP  BETWEEN  INITIAL  AND 
RESIDUAL  GAS  SATURATION  FOR  THE 
TWO  SANDSTONE  CORE  GROUPS 


(After  A.B.  Dyes)° 
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for  various  methods  of  operation  and  a  review  of  histories  of  completed  floods,  but 
contains  little  information  on  the  effect  of  fluid  properties  on  flooding  performance. 

Most  of  the  investigators  agree  that  the  presence  of  a  free  gas 
saturation  prior  to  waterflooding  is  beneficial  to  recovery.  There  are  conflicting 
views  regarding  the  value  of  free  gas  saturation  that  should  be  created  prior  to 
waterflooding  to  obtain  maximum  recovery. 

In  experiments  with  alternating  air  and  gas  injections,  Pfister^) 

obtained  additional  recoveries  of  2-3  percent,  from  spurt  water  drives.  He 

suggested  that  the  sharp  meniscus  between  the  gas  and  water  and  the  alternations  . 

of  the  interfacial  tensions,  favoured  a  more  complete  wetting  of  the  sand  surfaces 

(4) 

by  water,  and  thereby  resulted  in  some  additional  oil  displacement.  Breston 

indicated  the  possibility  of  further  economic  recovery  of  oil  from  alternate  gas 

and  water  drives.  He  suggested  that  the  gas  drives  would  condition  the  sand  so 

that  still  further  recovery  could  be  obtained  by  additional  water-  drives. 

(5) 

Holmgren,  et  al  established  that  greater  oil  recovery  was  obtained 
by  flooding  in  the  presence  of  a  free  gas  phase.  The  degree  of  improvement  in  oil 
recovery  was  attributed  to  the  change  of  oil  relative  permeability  characteristics 
and  occupation  by  gas  of  pore  space  that  would  otherwise  be  filled  with  residual 
oil.  They  also  presented  a  method  of  calculation  of  the  amount  of  reduction  in 
residual  oil  from  appropriate  water-oil  relative  permeability  characteristics . 

Dyes^  conducted  $  study  at  pressures  of  less  than  100  psi  where  gas 
saturations  were  created  by  injection.  By  means  of  solution  gas  drive  equation  he 
calculated  a  correction  for  fluid  shrinkage.  Applying  this  correction  to  the  low 
pressure  flooding  data,  he  showed  that  at  an  optimum  gas  saturation  of  12  to  l4 
percent  an  increase  in  oil  recovery  of  7  to  12  percent  over  that  obtained  by 
flooding  at  the  bubble  point  may  result.  Figure  1  shows  the  relation  between  initial 
and  residual  gas  saturation  obtained  by  Dyes. 
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Trapped  Gas  Saturation  ,  Percent  Pore  Volume 


6 


Mobile  Gas  Saturation,  Percent  Pore  Volume 

FIGURE  2 

D  ISPL  ACEME  NT  OF  MOBILE  GAS  BY  OIL  AND 

WATER 

(After  Kyle,  Stanclift,  Stephan  t  Rapoporr  )  ' 
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Figure  2  shows  the  displacement  of  mobile  gas  by  oil  and  water  injection 

(7) 

obtained  by  Kyte  et  al  .  They  found  that  the  oil  recovery  by  waterflooding  in 
the  presence  of  a  gas  phase  was  appreciably  higher  than  that  obtained  in  the  absence 
of  a  gas  phase.  However,  after  the  initial  gas  saturation  was  increased  above  15 
percent  the  corresponding  increases  in  oil  recovery  became  less  pronounced.  This 
was  attributed  primarily  to  the  fraction  of  mobile  gas  phase  which  was  displaced 
during  the  waterflood.  This  fraction  of  gas  increased  with  increasing  initial 
gas  saturation  and  did  not  contribute  to  the  lowering  of  the  residual  oil 
saturation. 


(8) 

Both  the  above  mentioned  problems  were  studied  by  Bass  and  Crawford 
They  conducted  an  experimental  study  of  the  effects  of  flooding  pressure  and  rate 
on  oil  recovery  by  waterflooding.  Waterflooding  tests  were  conducted  on 
unconsolidated  cores  to  investigate  the  effect  of  initial  water  saturation  and 
initial  gas  saturation  on  oil  recovery.  It  was  reported  that  for  the  particular 
system  used  the  maximum  recoveries  were  obtained  for  free  gas  saturation  between 
5  and  7  percent.  Contrary  to  the  conclusions  made  by  Richardson  and  Perkins  ^ 
the  results  indicated  that  the  flooding  rate  may  also  effect  the  recovery. 

A  considerable  amount  of  work  has  been  done  to  find  the  relationship 
between  initial  gas  saturation  prior  to  waterflooding  and  final  gas  saturation 

(9) 

after  waterflooding.  Kennedy  and  Guerrero  found  that  the  residual  oil  satura¬ 
tion  after  flooding  below  the  bubble  point  was  ^  percent  less  than  that  obtained 
by  waterflooding  above  the  bubble  point. 

(10) 

The  investigation  conducted  by  Geffen  et  al  indicated  that  a  large 


amount  of  gas  is  trapped  and  not  recovered  by  waterflooding  a  gas  sand.  It  was  con¬ 
cluded  that  residual  gas  saturation  varied  from  fifteen  to  fifty  percent  of  the  pore 
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Viscosity  of  the  Displacing  Phase 
Viscosity  of  Gas 
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Initial  Gas  Saturation,  %  P  V. 
FIGURE  3 

EFFECT  OF  VISCOSITY  RATIO  (^o/^g  ) 
ON  RESIDUAL  GAS  SATURATION 

12 


(After  Dardaganian) 
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space  for  different  gas  sands,  which  was  in  the  same  range  of  variations  of 

residual  oil  saturations  observed  after  waterflooding  oil  sand. 

(11) 

Kennedy  and  others  employed  two  methods  of  obtaining  initial 

saturations  before  waterflooding.  In  the  first  method,  the  core  was  waterflooded 

after  successive  steps  of  desaturating  from  100  percent  brine  saturation;  in  the 

second,  waterflooding  took  place  after  successive  steps  of  increasing  the  brine 

saturation,  starting  at  the  lowest  value  that  could  be  obtained  by  flowing  gas 

through  it.  After  waterflooding  the  core  the  residual  gas  content  as  obtained 

by  water  desaturation  process  increased  with  increasing  initial  gas  content. 

Residual  gas  content  as  obtained  by  water  resaturation  process  remained  constant 

over  a  wide  range  of  initial  gas  saturations. 

(12) 

Dardaganian  studied  the  effect  of  initial  gas  saturation  on 
residual  gas  saturation.  He  also  investigated  the  effect  of  porosity  and  fluid 
viscosity  on  oil  recovery  and  correlated  his  results  with  previous  studies. 
Dardaganian  found  that  the  residual  gas  saturation  after  a  waterflood  was  a 
function  of  the  free  gas  saturation  prior  to  the  flood,  and  that  the  residual  gas 
saturation  was  influenced  by  the  fluid  properties.  An  attempt  was  made  to  arrive 
at  a  representative  plot  for  interpolation  purposes.  This  plot  is  shown  on 
Figure  3*  This  figure  shows  the  effect  of  viscosity  ratio  (jj.  /|_i  )  on  residual  gas 

U  O 

saturation  and  includes  the  effect  of  the  parameter  K/0  on  residual  gas 
saturation. 

(13) 

Dardaganian  applied  the  Buckley- Lever ett  frontal  advance  theory  to 
petroleum  recovery  and  modified  it  for  various  initial  saturation  conditions.  He 
considered  a  reservoir  in  which  a  gas  phase  had  been  created  by  production  and 
pressure  depletion,  and  thus  was  mobile.  This  complex  system  of  three  mobile 
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Reservoir  Pressure  During  Water  Flood  "Psig 


Figure  4a  Effect  of  flooding  pressure 
on  ultimate  recovery 


Gas  Saturation  at  Water  Flood  Initiation  %  P  V. 

Figure  4b  Effect  of  initial  gas  saturation 
on  ultimate  recovery 

(After  Arnold ,  Hal  I  and  Crawford )  ^ 
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phases  was  then  considered  as  two  separate  systems  in  which  only  two  mobile  phases 
existed.  In  one  system  the  oil  bank  displaced  the  gas  to  an  immobile  saturation. 

In  the  second  system  the  advancing  water  bank  displaced  oil  from  the  porous 
rock  in  the  presence  of  an  immobile  gas  phase.  The  frontal  advance  theory  was 
used  to  evaluate  the  displacement  of  oil  by  water  in  the  presence  of  the  immobile 
gas.  It  was  concluded  that  the  residual  oil  saturation  by  water  displacement  was 
a  function  of  residual  gas  within  the  oil  bank.  By  the  use  of  appropriate  relative 
permeability  data  and  fractional  flow  frontal  advance  theory,  the  effect  of 
residual  gas  saturation  on  residual  oil  was  computed.  In  the  development  of  this 
evaluating  process,  the  residual  gas  saturation  developed  by  the  advancing  oil 
bank  was  considered  to  be  the  same  as  the  residual  gas  saturation  behind  the 
waterflood  front  such  that  the  water  had  no  effect  on  gas  saturation. 

(14) 

A  paper  was  recently  presented  by  Arnold,  Hall  and  Crawford  which 
described  the  effect  of  fluid  properties  and  stage  of  depletion  on  waterflood  oil 
recovery.  They  used  four  different  oils  and  found  that  recovery  as  a  function 
of  pressure  for  each  fluid  was  different.  Figure  4(a)  and  4(b)  make  it  apparent 
that  maximum  recoveries  occurred  for  optimum  initial  gas  saturations  ranging  from 
7  to  35  percent.  They  concluded  that  ultimate  recovery  and  the  optimum  pressure 
at  which  to  flood  were  functions  of  the  reservoir  fluid  properties. 
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DIAGRAM  OF  TEST  APPARATUS  apparatus 
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EXPERIMENTAL  APPARATUS 

Figure  5  is  a  schematic  diagram  of  the  experimental  apparatus  used  for 
making  tests  during  this  project.  The  simulated  reservoir  employed  was  a  con¬ 
solidated  Berea  Sandstone  core,  2  inches  in  diameter  and  20.75  inches  long.  The 
core  was  mounted  in  a  length  of  steel  casing  4.0  inches  in  diameter.  The  annular 
space  between  the  casing  and  core  was  filled  with  Epon  Resin  to  prevent  any  by¬ 
passing  of  fluids.  A  continuous  bond  was  thus  obtained  between  the  core  and  the 
resin  on  one  hand  and  between  the  resin  and  the  casing  on  the  other.  The  average 
porosity  of  the  core  was  experimentally  determined  to  be  21.5  percent  while  the 
average  liquid  permeability  was  142  millidarcies .  The  casing  and  core  were  mounted 
between  the  flanges  which  were  held  together  with  tie -rods.  A  hole  bored  in  the 
middle  of  each  flange  and  tapped  to  hold  a  pres sure -tight  fitting  served  for 
injecting  fluids  at  one  end  and  producing  at  the  other.  The  pressure  seal  at  each 
end  was  obtained  with  a  neoprene -0-ring  between  the  flange  and  the  core. 

A  Ruska  pump,  having  two  cylinders,  was  used  for  controlling  the  rate 
of  injection.  The  pump  was  manifolded  in  such  a  manner  that  it  allowed  the  brine 
to  be  injected  directly  for  flooding  or  into  the  surge  vessel. 

All  displacement  pressures  as  well  as  upstream  and  downstream  pressures 
on  the  core  were  measured  with  two  3000  psia  Heise  gauges,  The  differential 
pressure  was  determined  by  the  difference  in  upstream  and  downstream  pressures.  A 
Grove  back  pressure  regulator,  supplied  by  nitrogen  source,  provided  a  constant 
downstream  pressure  during  displacements.  The  fluids  produced  from  the  core  were 
discharged  at  atmospheric  pressure  into  a  transparent  plastic  separator.  The  oil 
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and  water  were  collected  and  measured  in  graduated  cylinders  while  the  gas  was 
measured  by  wet  test  meter  or  gas  measuring  burette. 

A  high  pressure  stainless  steel  cylinder  was  used  for  "live  oil"  storage. 
It  was  mounted  in  such  a  way  that  it  coiild  be  rocked  in  order  to  allow  thorough 
mixing  of  a  sample  when  it  was  being  prepared.  Fluid  properties  were  determined 
by  the  use  of  a  PVT  cell  and  a  high  pressure  rolling  ball  viscometer.  Fluid  A 
and  Fluid  B  used  in  making  the  study  were  Esso  P-40  and  a  mixture  of  30  percent 
Esso  Hagofill  and  'JO  percent  varsol  respectively.  Ten  thousand  parts  per  million 
sodium  chloride  solution  in  water  was  used  for  flooding  fluid.  The  system  was 
enclosed  in  a  constant  temperature  cabinet.  Temperature  was  controlled  at  100°F 
(i  0.5°F)  by  an  Electromax  type  thermostat. 
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EXPERIMENTAL  PROCEDURE 

Preliminary  displacement  tests  were  carried  out  on  the  Berea  sandstone 
core  to  determine  both  its  air  and  liquid  permeability  as  well  as  the  porosity  of 
the  core.  Tests  were  also  made  to  determine  the  water-oil  relative  permeabilities. 
A  series  of  water  floods  were  performed  at  various  injection  rates.  Wiese  tests 
were  required  to  determine  the  optimum  rate  above  which  recovery  was  independent 
of  rate. 

Before  running  the  tests,  live  oil  was  prepared  by  mixing  methane  and 
the  required  oil  in  the  stainless  steel  cylinder  which  was  evacuated  prior  to 
filling  with  oil.  A  fixed  quantity  of  gaseous  methane  at  high  pressure  was  added 
in  the  cylinder  containing  oil  and  was  thoroughly  mixed  by  rocking  the  cylinder. 
Addition  and  mixing  of  methane  were  continued  until  bubble  point  was  reached. 
Thoroughly  mixed  live  oil  was  stored  at  1000  psi  to  prevent  vaporization. 

To  prepare  the  core  for  the  reference  run;  i.e.  for  zero  percent  initial 
gas  saturation,  the  core  was  evacuated  and  brine  was  injected  at  a  rapid  rate  until 
the  pressure  was  above  900  psig.  About  five  pore  volumes  of  water  was  injected 
through  the  core.  The  brine  was  then  displaced  from  the  core  with  the  live  oil 
injected  by  a  hand  operated  mercury  pump.  Live  oil  was  injected  until  no  more 
water  was  produced.  At  this  instant  the  core  contained  41.7  percent  connate  water 
and  58.3  percent  live  oil.  This  completed  the  saturation  process  and  the  core  was 
ready  to  start  production  processes. 

The  oil  was  produced  by  stepwise  reductions  in  pressure.  The  pressure 
in  the  core  was  allowed  to  stabilize  at  the  end  of  each  step  thus  allowing  the 
fluids  to  approach  a  state  of  equilibrium.  After  the  core  had  been  depleted  to 
the  desired  pressure,  flooding  was  initiated  by  injecting  brine  into  the  core  at 
a  constant  rate  of  200  cc  per  hour.  This  rate  was  held  constant  throughout  the 
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waterflood.  Productions  of  gas,  oil  and  water  were  recorded,  so  as  to  calculate 
gas  saturations  by  material  balance.  The  flooding  was  stopped  at  water  break¬ 
through.  Upstream  and  downstream  pressures  and  breakthrough  times  were  recorded. 


,ry  of  the  Re  stilts  -  Water  flood  Series 
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PRESENTATION  and  DISCUSSION  of  RESULTS 


The  rock  properties  of  the  core  are  presented  in  Table  9  and  Figures 
23  and  24.  Figure  23  shows  the  relationship  between  relative  permeability  to 
water  and  oil  and  water  saturation.  Figure  24  is  a  plot  of  the  ratio  of  water 
to  oil  relative  permeability  as  a  function  of  water  saturation.  Liquid  permea¬ 
bility  to  the  core  was  142  millidarcies.  The  results  of  a  series  of  waterflood 
tests  performed  at  various  injection  rates  are  as  follows: 


Test 

No. 

Injection  Rate 
 cc/hr 

2LV>v 

cm  cn/min 

Recovery  to  Water 

Breakthrough 
°lo  I0IP 

1 

10 

0.3^7 

54.7 

2 

4o 

1.388 

50.2 

3 

100 

3.47 

52.6 

4 

200 

6.94 

57-8 

5 

320 

11.2 

57.9 

6 

560 

19.45 

57*9 

7 

84o 

29.2 

57*8 

In  interpreting  the 

above  results  a 

scaling  coefficient  (LYp^)  was  used 

as  a 

basis  for  correlation  of  waterflood  recoveries.  These  results  indicate  that 

oil  recovery  to  water  breakthrough  increased  with  increasing  injection  rates  up 

to  200  cc  per  hour  and  then  tended  to  level  off,  showing  that  oil  recovery  was 

rate 

independent  above  200  cc 

per  hour.  This 

particular  rate  insured  the 

stabilized  flooding  behaviour. 

Based  upon  these  results  all  subsequent  tests  were 

performed  at  water  injection  rates  of  200  cc  per  hour. 

The  recorded  data  and  the  calculated  results  are  presented  graphically 
and  are  tabulated  in  the  Appendix  II.  Table  1  and  Table  2  summarize  the  pertinent 
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experimental  results  obtained  using  Fluid  A  and  Fluid  B  respectively.  Waterflood 
No.  A-0  and  Waterflood  No.  B-0  were  conducted  with  the  core  initially  100  percent 
saturated  with  brine  and  live  oil  to  establish  a  standard  of  comparison  for  the 
later  tests  in  which  free  gas  was  to  be  present  prior  to  flooding.  Figures  21 
and  22  present  tangential  construction  required  for  theoretical  calculation  of 
the  reference  run  (waterflood  at  zero  gas  saturation).  The  tangential  construction 
is  fully  explained  in  Appendix  I.  Experimental  results  check  favourably  with  the 
theoretical  calculation  of  the  reference  run.  The  value  of  breakthrough  time 
obtained  experimentally  was  29  minutes  while  graphically  it  was  found  to  be 
31-7  minutes  in  the  case  of  Waterflood  No.  A-0.  In  the  cast  of  Waterflood  No. 

B-0  the  breakthrough  time  was  26.0  minutes,  while  that  calculated  graphically 
was  30*8  minutes.  Breakthrough  recovery  for  Fluid  A  found  by  graphical  method 
is  46  percent  of  the  pore  volume  which  compares  with  42  percent  of  the  pore 
volume  obtained  experimentally.  For  Fluid  B  experimental  and  theoretical  recoveries 
were  37*0  and  44.5  percent  of  the  pore  volume  respectively.  The  difference  in 
the  values  of  oil  recovery  obtained  graphically  and  experimentally  is  probably 
a  result  of  unsatisfactory  relative  permeability  data. 

In  an  understanding  of  the  process  of  waterflooding,  many  variables 
must  be  considered.  Aside  from  injection  rate,  those  known  to  have  an  effect  on 
final  residuals  are  (l)  wettability  of  rock  with  respect  to  the  fluids  (2)  the 
pore  geometry  of  the  rock  (3)  the  viscosity  of  the  oil  phase  and  (4)  relative 
amounts  of  respective  fluids. 

Throughout  this  project  the  same  core  was  used  to  insure  a  common  rock 
matrix  for  all  tests.  All  the  runs  at  each  stauration  and  the  cleaning  of  the 
core  after  each  flood  were  performed  in  the  same  manner. 
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FIGURE  8 

EFFECT  OF  FLOODING  PRESSURE 
ON  BREAKTHROUGH  OIL  RECOVERY 
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The  viscosity  ratio  of  both  the  fluids  to  the  viscosity  of  water 

(15) 

exceeded  unity  in  the  range  of  pressure  studies,  Felsenthal  concluded  that 

viscosity  should  affect  recovery  considerably  for  oil-water  viscosity  ratio  of 
more  than  unity.  Thus,  except  the  effect  of  viscosity  and  the  fluid  saturation, 
nearly  all  the  factors  which  could  cause  the  laboratory  results  to  vary  were 
regulated.  Therefore,  the  recovery  of  oil  should  be  dependent  on  fluid  saturations 
and  variation  in  viscosity  and  other  fluid  properties  of  oil. 

Figures  6  and  7  show  the  effect  of  reservoir  pressure  on  the  gas 
saturation  at  the  end  of  primary  production  phase  for  Fluid  A  and  Fluid  B 
respectively.  As  the  pressure  in  the  core  was  depleted,  more  and  more  oil  was 
produced  leaving  a  higher  gas  saturation  in  the  core,  Down  to  the  bubble -point 
pressure  the  production  was  due  to  liquid  expansion  (oil  and  connate  water). 

Below  the  bubble  point  the  expansion  of  connate  water  was  negligible  and  as  the 
oil  phase  contracts  owing  to  release  of  gas  from  solution,  production  was  due  to 
expansion  of  gas  phase.  When  the  gas  saturation  reached  the  critical  value,  free 
gas  began  to  flow.  At  fairly  low  gas  saturations  the  gas  mobility,  K  became 

o  o 

large  and  oil  mobility  KQ/£Ct  small.  This  resulted  in  high  gas-oil  ratios  and  in 
low  oil  recoveries. 

Figures  8  and  9  show  the  effect  of  flooding  pressure  on  the  oil  recovery 
for  Fluid  A  and  Fluid  B  respectively.  The  contributions  of  depletion  drive  and 
water  drive  recoveries  towards  total  breakthrough  recovery  are  indicated  separately. 
The  percent  recovery  shown  on  the  ordinate  refers  to  the  percentage  of  initial  oil 
in  place.  In  computing  percent  recovery  values  both  initial  and  recovered  oil  were 
referred  to  stock  tank  conditions.  These  graphs  show  a  very  definite  effect  of 
flooding  pressure  on  the  oil  recovery.  Fluid  A  showed  a  maximum  breakthrough 
recovery  at  about  360  psi  while  Fluid  B  showed  a  maximum  breakthrough  recovery  at 
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FIGURE  10 

EFFECT  OF  INITIAL  GAS  SATURATION 
ON  BREAKTHROUGH  OIL  RECOVERY 
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575  psi.  Thus  it  is  clear  that  peak  recoveries  occur  at  different  pressures  for 
Fluid  A  and  Fluid  B.  In  the  case  of  Fluid  A  total  breakthrough  recovery  increased 
rapidly  from  bubble  point  pressure  (756  psi)  down  to  about  680  psi.  From  there 
on  the  total  recovery  increased  steadily  with  pressure  until  the  peak  recovery  of 
about  86  percent  of  initial  oil  in  place  was  reached  at  360  psi.  The  recovery  then 
decreased  rapidly  and  leveled  off  at  about  the  same  value  of  recovery  as  when  the 
core  was  flooded  in  the  absence  of  any  gas  saturation.  Maximum  recovery  in  this 
case  seems  rather  abnormally  high  and  does  not  compare  with  the  recoveries 
reported  in  the  literature.  The  curve  for  Fluid  B  indicates  that  total  recovery 
increased  rapidly  to  about  60  percent  of  initial  oil  in  place  at  about  575  psi  and 
then  decreased  steadily  and  leveled  off  with  a  decrease  in  pressure. 

Figures  10  and  11  indicate  the  effect  of  initial  gas  saturation  prior 
to  waterflood  on  the  oil  recovery  for  Fluid  A  and  Fluid  B  respectively.  Figure 
12  compares  the  total  breakthrough  recoveries  of  the  two  fluids.  For  Fluid  A  the 
peak  recovery  occurred  at  17*5  percent  initial  gas  saturation.  At  this  saturation 
the  waterflood  recovery  starts  decreasing  very  rapidly  and  thus  overcomes  the 
increased  depletion  drive  recovery  resulting  in  decreased  total  recovery.  Figure 
11  reveals  that  optimum  gas  saturation  for  maximum  recovery  (i.e.  69  percent 
initial  oil  in  place)  of  Fluid  B  is  8.5  percent  of  pore  volume.  In  the  case  of 
Fluid  A  the  optimum  initial  gas  saturation  is  twice  as  much  as  for  Fluid  B. 

This  leads  to  the  conclusion  that  optimum  gas  saturation  for  initiating  a  water- 
flood  varies  for  different  fluids.  Thus  the  argument  advanced  by  Bass  and 
Crawford that  "regardless  of  the  actual  physical  characteristics  of  the  fluids 
a  correlation  is  obtained  between  oil  recovery  and  gas  saturation  for  any 
particular  core  or  sand  pack"  is  inconsistent.  The  contention  of  the  writer  is  that 
ultimate  breakthrough  recovery  and  the  optimum  pressure  at  which  to  flood  are 
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functions  of  reservoir  fluid  properties.  This  conclusion  is  in  close  agreement 

(lk) 

with  the  results  obtained  by  Arnold,  Hall  and  Crawford 

The  viscosity  of  Fluid  A  exceeded  1.0  centipoise  between  atmospheric 

pressure  and  about  450  psi  and  was  less  than  1  centipoise  above  450  psi.  In  the 

case  of  Fluid  B  viscosity  was  more  than  1.0  centipoise  throughout  the  range  of 

(15) 

pressure  studied.  As  mentioned  earlier,  Felsenthal  found  that  recovery  by 

waterflood  was  affected  very  little  by  viscosity  if  oil  viscosity  was  less  than 
1,0  centipoise.  Accordingly  the  small  changes  in  viscosity  during  pressure  re¬ 
duction  had  little  effect  on  recovery  of  Fluid  A  above  450  psi.  Recovery  of  Fluid 
A  at  lower  pressures  and  recovery  of  Fluid  B  for  the  whole  range  of  pressures 
studied  was  affected  to  some  degree  by  changes  in  their  viscosities.  Increased 
viscosities  resulted  in  decreased  recoveries  but  at  the  same  time  increased  gas 
saturation  contributed  towards  increase  of  recovery.  The  effect  of  latter  being 
predominant,  recovery  increased  up  to  optimum  gas  saturation.  The  steady  decrease 
in  recovery  beyond  the  optimum  gas  saturation  can  be  explained  by  the  fact  that 
viscosities  of  fluids  increased  steadily  with  pressure  decrease  i.e.  with  increase 
of  gas  saturation.  Both  the  increased  viscosity  and  increased  gas  saturation 
beyond  the  optimum  point  tended  to  decrease  the  recovery.  The  shrinkage  of  oil 
and  the  increased  oil  viscosity  resulted  in  a  decreased  total  oil  recovery  at  low 
pressures,  although  the  presence  of  an  immobile  free  gas  saturation  was  exerting 
a  beneficial  effect  in  reducing  the  residual  oil  saturation. 

In  consideration  of  mechanics  of  oil  displacement  by  water,  it  has 
been  suggested  by  numerous  investigators  that  water  entered  the  pores  of  a  sand 
body  and  discharged  the  oil  into  a  mass  or  bank  ahead  of  the  advancing  water 
front,  leaving  much  of  the  oil  adhering  to  the  rock  surfaces.  The  appreciable 
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quantities  of  oil  which  remained  unrecovered  because  of  bypassing,  a,nd  adhesion 
to  rock  surfaces,  might  be  recovered  by  the  beneficial  effects  of  the  presence  of 
a  free  gas  phase.  It  is  conceivable  that  the  free  gas  phase  evolved  from  the  oil, 
as  a  result  of  pressure  reduction,  was  broken  up  into  bubbles.  These  bubbles  of 
trapped  gas  would  tend  to  occupy  larger  pores  or  more  permeable  regions,  creating 
a  higher  gas  saturation  than  existed  in  other  parts  of  the  core.  Small  initial 
increments  in  gas  saturation  might  decrease  the  relative  permeability  to  oil. 

These  gas  bubbles  would  in  effect,  therefore,  act  as  temporary  selective  plugging 
agents  and  tend  to  correct  a  heterogeneous  permeability  profile,  thus  diminishing 
the  effect  of  bypassing.  Hence,  all  those  pores  which  were  not  encroached  upon  in 
the  absence  of  a  free  gas  phase  were  invaded  and  flushed  by  water  in  the  presence 
of  a  free  gas  saturation.  The  beneficial  effects  of  a  free  gas  saturation  would 
depend  on  the  rock  pore  structure  and  may  be  more  effective  in  heterogeneous 
systems . 

With  a  further  pressure  decrease,  gas  saturation  increased  and  hence 

effective  permeability  to  gas  increased.  Due  to  the  increase  of  effective 

permeability  to  gas  the  bubbles  could  not  act  as  selective  plugging  agents,  yet 

some  of  the  more  tortuous  channels  were  still  flushed  by  water.  Therefore, 

although  the  recovery  was  reduced,  it  was  still  greater  than  when  no  free  gas 

phase  existed.  Figures  10  and  11  show  that  recoveries  at  very  high  gas  saturations 

levelled  off  to  almost  the  same  value  of  recovery  as  when  the  core  was  flooded  in 

the  presence  of  zero  gas  saturation,  This  shows  that  at  low  pressures  the  flooding 

behaviour  of  fluids  A  and  B  was  fairly  insensitive  to  the  presence  of  gas 

saturation.  The  possible  existence  of  rock  fluid  systems  insensitive  to  flooding 

(1) 

pressures  over  certain  ranges  has  been  reported  earlier  by  Richardson  et  al 

(14) 

and  Arnold,  Hall  and  Crawford 
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FIGURE  14 

RESIDUAL  GAS  SATURATION  AND  RESIDUAL  OIL 
SATURATION  AS  A  FUNCTION  OF  INITIAL  GAS  SATURATION 
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Some  of  the  evolved  gas  In  the  core  might  also  become  occluded  or 
dissolved  in  advancing  water.  Since  oil  had  a  tendency  to  adhere  to  bubbles  of 
gas  in  water  it  is  conceivable  that  these  bubbles  might  tend  to  remove  some  of 
the  oil  retained  by  rock  surfaces,  This  effect  would  probably  be  more  pronounced 
if  slugs  of  gas  were  also  introduced  with  the  flood  water. 

Figure  13  is  a  plot  of  the  relationship  between  the  residual  gas 
saturation  after  flood  and  initial  gas  saturation  prior  to  waterflood,  for  Fluid  A. 
The  same  relationship  along  with  residual  oil  saturation  as  a  function  of  initial 
gas  saturation  for  Fluid  B  is  shown  on  Figure  l4 .  Both  the  graphs  indicate  that 
residual  gas  saturation  increased  as  the  initial  gas  saturation  increased  with  the 
increase  becoming  proportionally  smaller  for  higher  values  of  initial  gas  satura¬ 
tion.  The  residual  gas  saturation  was  almost  equal  to  the  initial  gas  saturation 
from  zero  to  about  8  percent  of  pore  volume.  The  proportional  increase  of  residual 
gas  saturation  with  increasing  initial  gas  saturation  decreased  as  initial  gas 
saturation  became  more  than  8  to  9  percent  of  pore  volume.  Figures  13  and  14  show 
that  an  initial  gas  saturation  up  to  approximately  9  percent  does  not  basically 
change  the  mechanism  of  displacement.  In  comparing  with  other  results  it  may  be 
concluded  that  for  each  separate  system  there  is  a  unique  relationship  between 
initial  and  trapped  gas  saturation.  This  conclusion  is  in  close  agreement  with 

(5)  (6)  (8) 

the  results  obtained  by  Holmgren  and  Morse  ,  Dyes  ,  Bass  and  Crawford 

(12) 

and  Dardaganian 

Figure  l4  shows  that  residual  oil  saturation  attainable  at  water  break¬ 
through  decreased  rapidly  as  the  initial  gas  saturation  increased  from  0  to  8.5 
percent  of  pore  volume.  With  a  further  increase  of  gas  saturation  residual  oil 
saturation  started  increasing.  This  is  probably  due  to  the  fact  that  fraction  of 
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mobile  gas  phase  which  is  displaced  during  the  waterflood,  and  hence  does  not 
contribute  to  the  lowering  of  the  residual  oil  saturation,  increased  with  in¬ 
creasing  initial  gas  saturation. 

Figures  15  and  1 6  are  the  plots  of  water  breakthrough  time  versus  initial 
gas  saturation  for  Fluids  A  and  B  respectively.  Water  breakthrough  time  decreased 
with  increasing  gas  saturation,  water  being  injected  at  a  constant  rate.  The 
data  presented  on  these  graphs  is  consistent  with  the  rest  of  the  data  and  with 
the  mechanics  of  flow  already  explained. 

Figures  17  and  18  present  the  relationship  between  brine  injected  and  oil 
saturation  for  waterflood  Series  A  and  Series  B  respectively.  It  may  be  observed 
that  the  curves  are  almost  parallel  to  each  other  at  lower  gas  saturations,  but 
at  higher  gas  saturations  the  curves  start  levelling  off.  At  lower  gas  saturations 
the  production  of  oil  started  instantaneously  with  the  invasion  of  water,  while 
for  higher  gas  saturations  there  was  a  time  lag  between  the  initiation  of  the 
flood  and  production  of  oil.  This  time  lag  increased  with  increasing  initial  gas 
saturations  as  shown  by  the  flat  portions  of  the  curves.  It-  might  be  concluded 
from  these  results  that  during  waterflood  two  types  of  displacement  mechanisms 

(20) 

existed  which  were  governed  by  initial  gas  saturation  present  prior  to  waterflood 
For  lower  gas  saturations  the  basic  mechanism  of  displacement  of  oil  by  water 
was  the  same  as  for  one  without  any  gas  phase.  The  gas  present  in  the  system 
was  immediately  trapped  by  the  movement  of  the  oil  and  the  system  reduced  to 
water  displacing  oil  in  the  presence  of  immobile  water  and  gas  phases  instead 
of  immobile  water  alone.  The  only  effect  of  trapped  gas,  as  explained  earlier, 
would  be  to  decrease  the  relative  permeability  to  oil.  For  high  gas  saturations 
the  mechanism  changed  to  a  system  which  can  be  separated  into  two  distinct 
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processes,  the  oil  hank  displacing  the  gas  phase  leaving  behind  a  trapped  gas  in 
the  presence  of  immobile  water  followed  by  water  displacing  oil  in  the  presence 


cf  trapped  immobile  gas 
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CONCLUSIONS 

In  light  of  the  foregoing  discussion,  the  following  conclusions  appear 
to  be  in  order: 


1.  Establishment  of  a  free  gas  saturation  in  the  core  prior  to  water- 
flooding  is  beneficial  to  recovery  up  to  certain  optimum  gas 
saturations.  For  conditions  similar  to  those  investigated  in  this 
study,  a  peak  oil  recovery  is  obtainable  by  waterflooding  at  initial 
gas  saturations  of  8  to  17  percent. 

2.  For  any  reservoir  an  appreciable  increase  in  total  oil  recovery  can 
be  obtained  by  flooding  at  an  optimum  pressure.  This  pressure  is 
governed  by  reservoir  fluid  properties, 

3.  An  initial  gas  saturation  up  to  approximately  9  percent  does  not 
basically  change  the  mechanism  of  displacement.  For  each  separate 
system  there  is  a  unique  relationship  between  initial  and  trapped 
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APPENDIX  I 

The  fundamental  development  of  the  Buckley- Leveret t  theory  by 
Dardaganian^1^  is  as  follows. 

Neglecting  effects  due  to  gravity  and  capillary  pressure  differences 
the  fractional  flow  equation  may  be  expressed  as 

1  * 

fa  =  - - -  (i) 

l  +  h  h 

ka 

(16) 

The  frontal  advance  relationship  developed  by  Buckley  and  Lsverett 
is  expressed  in  equation  2 

A  x  _  Qt  (  A  f d  \ 

AT  VA  Sd  ' 

Sd 

The  basic  mechanism  of  fluid  displacement  has  been  discussed  at  many 
places  in  the  literature.  Qualitatively  this  mechanism  may  be  described  by  the 
saturation  distribution  represented  in  Figure  19.  The  abscissa  is  the  pore  volume 
and  the  ordinate  is  the  displacing  phase  saturation  in  percent  pore  space. 

For  the  purpose  of  discussion  the  system  presented  was  considered  to 
contain  two  phases,  oil  and  the  displacing  phase.  Prior  to  injection,  the 
saturation  in  the  displacing  phase  was  considered  to  be  S^;  therefore,  the  initial 
oil  saturation  was  1  -  S^.  The  oil  saturation  at  which  the  permeability  to  oil 
vanished  in  a  relative  permeability  test  was  considered  to  be  S 


*  Nomenclature  is  presented  at  the  end  of  this  section. 
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The  displacing  phase  accumulates  in  the  system  replacing  the  oil.  As 
the  displacing  fluid  passes  into  the  system,  a  front  or  stabilized  zone  of  fixed 
saturation  distribution  is  developed  within  which  each  plane  of  saturation  moves 
with  a  velocity  dependent  on  the  value  of  saturation.  At  the  inflow  face  of  the 
system  the  oil  is  reduced  to  a  value  of  Sor  since  many  pore  volumes  of  displacing 
fluid  pass  the  inflow  face  in  a  short  time. 

If  both  phases  are  mobile  at  initial  conditions  and  considering  the 
system  to  be  in  a  steady  state,  then  at  the  out  flow  face  Qj.  =  ^^oi  +  %fdi 
until  breakthrough.  That  is,  the  composition  of  the  flow  stream  from  the  system 
is  determined  by  the  saturation  prevailing  at  the  out  flow  end  of  the  system. 

At  a  given  time  T,  the  volume  of  the  fluid  injected  into  the  system 
is  given  by  C^T;  therefore,  the  volume  of  displacing  fluid  accumulating  in  the 
system  is  equal  to  Q^Tf^.  Designating  the  average  saturation  in  the  displacing 
phase  behind  the  front  as  Sda’  then  by  volume  balance,  if  the  front  has  advanced 
to  position  x  at  the  end  of  T  units  of  time. 


Vfoi  -  xA^Sda-Sdi> 


(3) 


From  Figure  13  it  may  be  noted  that 


r i-Sor 

Vfoi  -  x  A0  <sdf  -  sdi>  +  Jr  x  ^  as, 


df 


Also  from  Equation  2 


00 


x  = 


%T  /dfd 


A  0  v  dSd 


(5) 


I 


s 

■ 
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;  ./  .  ‘Mi •.  i;r  i-y  P^T/jjo'V  lift?  , •v.Tvl.f  0V.'.::r,  js;  JA 
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Substituting  equation  (5)  into  equation  (4)  and  integrating 


fy-T  fod  -  x  A f)  -  Sd^)  +  <^.T  (l  -  fdf) 


Since  f  .  =  1  -  f_. 

oi  di 


V  (1  -  fai>  =  xA^(sdf-sdi)  + 


From  equation  (6) 


Q^T  =  x  A  0  - - 


Usd 


3df 


Therefore 


x  A0 


/ffa 

Uvs 


(l-fdi)  =  x  A0  (Sdf-Sdi)  +  x  A$ 


df. 

dS 


(l~fdf) 


'df 


'd  /  s 


df 


or 


'^£c 

dS 


-  fai) 


(i  -  faf) 


—  S ,  ~  S . 

df  di 


d  '  S 


df 


(6) 


(7) 


(8) 


(9) 


Fractional  flow  of  displacing  phase,  f <-] 
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FIGURE  20 

TANGENTIAL  CONSTRUCTION  WITH  INITIAL 
DISPLACING  PHASE  SATURATION  IN  TWO 

PHASE  SYSTEM 

(From  reference  13) 


50 


and 


(aJa 

d 


Sdf 


fdf  ~  fdi 

S,-  -  S.. 
df  di 


Also  combining  equations  (3)  and  (6) 


'df . 


1  -  f 


di 


idS 


d' 


S,  -  S,. 
da  di 


df 


or 

'df. 


1  -  f 


di 


fdf  ‘  fdi 


dS. 


S ,  -  S , . 

da  di 


S, „  -  S,. 
df  di 


df 


(10) 


(11) 


(12) 


The  slope  of  the  fractional  flow  curve  at  the  saturation  of  the  front 
must  thus  satisfy  equation  10  and  equation  11  which  state  that  the  tangent  line 
must  pass  through  the  points  (S^,  f^),  (sdf  7  fdf)  and- (sda^  !)• 

The  saturation  at  the  front  and  the  average  saturation  behind  the  front 
may  thus  be  defined  by  drawing  a  fractional  flow  curve  and  constructing  a  tangent 
line  to  the  curve  with  the  initial  point  having  the  coordinates  (S^,  f^).  The 
saturation  corresponding  to  that  at  the  front  is  given  by  the  point  of  tangency 
and  that  corresponding  to  the  average  saturation  behind  the  front  by  the  intercept 
with  the  ordinate ,  fa  =  !•  (See  Figure  20). 

It  may  further  be  noted  that  only  one  such  tangent  line  can  be  constructed 
from  a  given  set  of  initial  coordinates.  Also  it  is  apparent  that  if  the  initial 
saturation  in  the  displacing  phase  exceeds  that  corresponding  to  the  maximum 
slope  of  the  fractional  flow  curve  no  tangent  line  may  be  drawn  satisfying  the  stated 
conditions.  This  is  interpreted  to  mean  that  a  front  will  not  be  developed  in  the 
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FIGURE  2  I 

FRACTIONAL  FLOW  CURVE  FOR 
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FIGURE  22 

FRACTIONAL  FLOW  CURVE  FOR 
REFERENCE  RUN  BO 
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The  oil  recovery  at  breakthrough  expressed  in  percent  of  pore  space  is 
given  by  (S^a  -  Sdi)  or,  in  percent  of  oil  originally  in  place  by 

S,  -  S,.  S,  -  S.. 
da  di  da  di 


A  similar  approach  for  the  problem  with  three  phases  has  been  discussed  in  the 
previous  sections. 

Figure  21  and  22  present  similar  tangential  construction  drawn  for 
reference  water  floods  A-0  and  B-0. 

In  these  figures  if 


then  equation  (10)  becomes 


=  B 


fwf  - 
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NOMENCLATURE 


A  -  cross-sectional  area  normal  to  the  direction  of  flow 
0  -  porosity 

f^  -  fraction  of  the  displacing  fluid  in  the  flowing  stream 
k  -  relative  permeability 

-  total  flow  rate 
T  -  time 

X  -  distance  along  the  path  of  flow 

x  -  distance  along  the  path  of  flow  to  the  flood  front 

p  -  viscosity 

S  -  fluid  saturation 

Subscripts 

a  -  average 

d  -  displacing  phase 

f  -  front 

g  -  gas 

i  -  initial 

o  -  oil 

r  -  residual 

t  -  total 

w 
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APPENDIX  II 

RECORDED  AND  CALCULATED  DATA 


5  6 


FIGURE  23 
OIL  AND  WAT  E  R 

RELATIVE  PERMEABILITY  AS  A  FUNCTION 
OF  WATER  SATURATION  FOR 
BEREA  SANDSTONE  CORE 
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Table  9 

General  Properties  of  the  Core 
(Berea  Sandstone) 


Length  of  the  core 
Diameter  of  the  core 
Pore  volume 
Porosity 


20.75  inches  = 
2  inches  = 
230  cc 

21.5  percent 
142  md 


52.7  cm 

5.08  cm 


Liquid  permeability 
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